In obesity, increases in free fatty acid (FFA) flux can predict development of insulin resistance. Adult women release more FFA relative to resting energy expenditure (REE) and have greater FFA clearance rates than men. In adolescents, it is unknown whether sex differences in FFA flux occur.
oxidative FFA disposal and recycling than men (11, 12) , and the rate of FFA release into plasma is greater in women than men (13) . However, there is little information about predictors of FFA flux in children and adolescents. Previous reports in adolescents compared lipolysis rates (14) and FFA kinetics (15) in obese and lean adolescents, finding that obesity is associated with lower basal glycerol release per unit fat mass (FM) and with diminished maximal lipolytic response to epinephrine (14) . When FFA flux (palmitate kinetics) was measured in adolescents with and without nonalcoholic fatty liver disease (NAFLD), the rate of whole-body palmitate release into plasma was higher in adolescents with NAFLD when compared with those with normal intrahepatic triglyceride content (15) . Others have reported that visceral fat accumulation was associated with greater FFAs in the portal circulation (16, 17) and increased risk of metabolic abnormalities (18) and insulin resistance (19) . However, in adolescents, the factors that influence sex-associated differences in FFA flux have not been previously reported.
The purpose of this study was to examine sex-related differences in lipolysis rates and FFA clearance in a large cohort of obese adolescents by mathematically modeling data from insulin-modified frequently sampled iv glucose tolerance tests (IM-FSIGTs) (20, 21) . Furthermore, we wanted to assess the impact of resting energy expenditure (REE) and body fat distribution on sex-associated differences in FFA kinetics of obese adolescents.
Subjects and Methods

Subjects
A convenience sample of obese non-Hispanic white and nonHispanic black adolescents, age range 12 to 18 years, were recruited through newspaper advertisements and letters to local physicians for participation in a weight-loss study (22) . Inclusion criteria were a body mass index (BMI) (kilograms per square meter) greater than the National Health and Nutrition Examination Survey I (1971-1974) 95th percentile for age, sex, and race (23) and the presence of one of the following obesity-related comorbidities: hypertension, impaired glucose homeostasis [fasting hyperinsulinemia (insulin Ն 15 U/L), impaired fasting glucose (fasting serum glucose 100 -125 mg/dL), impaired glucose tolerance (2-h serum glucose during an oral glucose tolerance test 140 -199 mg/dL), or type 2 diabetes (fasting serum glucose Ն 126 mg/dL or 2-h glucose tolerance test value Ն 200 mg/dL)] (24), dyslipidemia (total triglycerides Ն 200 mg/dL, total cholesterol Ն 200 mg/dL, or low-density lipoprotein cholesterol Ն 130 mg/dL), NAFLD, or sleep apnea documented by a formal sleep study. NAFLD was defined as patients with otherwise unexplained ALT elevation and evidence of liver fat on imaging studies without another known explanation such as alcohol use, systemic illnesses known to cause fatty liver disease, recent use of drugs or supplements known to raise alanine aminotransferase, infection with hepatitis B virus or hepatitis C virus, Wilson's disease, or ␣1-antitrypsin deficiency.
Individuals were excluded if they had a major pulmonary, hepatic, cardiac, or musculoskeletal disorder affecting body weight; had a history of substance abuse or other psychiatric disorder that would impair compliance with the study protocol; had used an anorexiant in the past 6 months; or had lost weight in the past 2 months. Each adolescent, along with a parent, gave written consent for protocol participation. The protocol was approved by the Institutional Review Board of the Eunice Kennedy-Shriver National Institute of Child Health and Human Development.
Protocol
Subjects were studied at a baseline inpatient visit at the Clinical Center at the National Institutes of Health (NIH) before initiating weight loss treatment. Breast and testicular pubertal staging was determined with a physical examination by an endocrinologist or trained nurse practitioner. Height was obtained at baseline using a stadiometer (Holtain Ltd, Crymych, Wales, United Kingdom) calibrated before each height measurement to the nearest 1 mm. Weight was obtained to the nearest 0.1 kg using a calibrated digital scale (Scale-Tronix, Wheaton, Illinois). These measurements were made with subjects fasting and in minimal clothing and without shoes.
Subjects underwent dual-energy x-ray absorptiometry, as previously described (25) . Magnetic resonance imaging was used to measure visceral and sc abdominal adipose tissue at L 2-3 (GE Medical Systems, Milwaukee, Wisconsin) as previously described (25) . Resting energy expenditure (REE) was assessed in the morning after an overnight fast using open-circuit indirect calorimetry with the use of a respiratory metabolic cart (SensorMedics 2900 or DeltaTrac II; SensorMedics Corp, Yorba Linda, Californis) as previously described (26) .
Laboratory measurements
Blood specimens were collected for glucose, insulin, and nonesterified fatty acid (NEFA) (27) analyses. Serum glucose and insulin were analyzed by the NIH Clinical Pathology Department using standard methodologies as previously described (28) . Glucose was measured on an Hitachi 917 analyzer using reagents from Roche Diagnostics (Indianapolis, Indiana). Insulin concentrations were determined using an immunochemiluminometric assay purchased from Diagnostic Products Corporation (Los Angeles, California) on an Immulite 2000 machine (Diagnostic Products). The cross-reactivity of the insulin assay with proinsulin was Ͻ8% and with C-peptide was Ͻ1%, sensitivity was 2 U/mL, and the mean inter-and intra-assay coefficients of variation were 5.8% and 3.6%, respectively. Plasma FFA was measured using the Wako HR Series NEFA kit (Wako Chemicals USA, Inc, Richmond, Virginia). The intra-and interassay coefficients of variations were 3.1% and 7.8%, respectively. To assess insulin sensitivity, subjects underwent an IM-FSIGT. Dextrose, 0.3 g/kg, was administered iv as a smooth bolus over 2 minutes followed by insulin, 0.05 U/kg, given as a bolus iv at 20 minutes. Blood specimens were collected through a second iv line for glucose, insulin, and FFA determinations at Ϫ20, Ϫ10, 0, 2, 3, 4, 5, 6, 8, 10, 14, 19, 22, 24, 27, 30, 35, 40, 45, 50, 70, 90, 120, 150, 180, 210, 240, 270 , and 300 minutes relative to dextrose injection. Insulin sensitivity index (S I ) and acute insulin response to glucose (AIR G ) were calculated from the serum glucose and insulin concentrations in the first 10 minutes of the IM-FSIGT using the minimal model for glucose disposal (SAAM II version 1.11; SAAM Institute, Inc, Seattle, Washington) (6) . To examine FFA kinetics, plasma FFAs from the IM-FSIGT were modeled as previously described (21) assuming that insulin acts through 1 remote compartment (X model, where X is defined as the remote compartment) to increase glucose disposal and to suppress lipolysis and FFA concentrations from 10 -120 minutes during the IM-FSIGT and obeys the equation:
A ) Ϫ c f ϫ FFA. We estimated the 5 parameters in the model -basal lipolysis rate (l 0 ), insulin-suppressible lipolysis rate (l 2 ), X 2 (defined as the Hill constant), A (defined as the Hill coefficient), and the fatty acid clearance rate constant (c f ), using maximum likelihood for a normal error model (21) . Of these 5 model parameters, we examined 4 physiologically salient lipolysis parameters: the insulin-suppressible lipolysis rate (l 2 ), the maximum lipolysis rate (l 0 ϩ l 2 ), the concentration of insulin needed for 50% suppression of lipolysis: ED 50 ϭ X 2 ϫ (2 1/A Ϫ 1), similar to EC 50 previously reported (29) , and the fatty acid clearance rate constant (c f ) (21) .
Statistical analysis
To describe the demographics of our cohort, data were analyzed by 2-way ANOVA without adjustments for covariates. We tested the effects of sex and race as well as the interaction of sex with race (Table 1) . To examine the effects of sex on serum insulin and plasma NEFA levels during the IM-FSIGT, serum insulin and plasma NEFAs were analyzed by a repeated-measures ANOVA. Means were compared with unpaired t tests when the sex effect tested in the model was significant (P Ͻ .05).
To examine the effect of sex on the 4 lipolysis parameters, data were analyzed by analysis of covariance (ANCOVA) adjusting for height, age, FM (30), pubertal status, and race. Visceral abdominal adipose tissue (VAT) area and REE were also included in some models (as specified in Results). VAT area was log transformed before ANCOVA. Because few boys and no girls were prepubertal, for ANCOVA, adolescents in prepuberty (Tanner I breast stage for girls and testicular volume Ͻ4 mL for boys) and midpuberty (Tanner II and III breast stages for girls and testicular volume Ͻ12 mL for boys) were grouped together for analyses. When the P value for the model was significant (P Ͻ .05), parameter estimates examining the effects of sex, race, and pubertal status were reported and considered significant at P Ͻ .05. Means with SD or SEM are reported and adjusted for covariates as specified in the tables and figure legends. The effects of adipose tissue distribution, lean body mass (LBM), and REE were tested by ANCOVA. When LBM was included in the model, percent body fat was a covariate instead of FM to minimize issues related to multicollinearity among variables.
Results
A total of 112 obese adolescents, 35 boys and 77 girls, were studied (Table 1) . In this cohort, BMI SD score (BMI-Z) for girls was significantly lower than for boys (Table 1 ; P Ͻ .02). Furthermore, BMI-Z for non-Hispanic blacks (NHBs) was significantly higher compared with non-Hispanic whites (NHWs) ( Table 1 ; P Ͻ .01). Fasting serum triglycerides were significantly lower in NHBs when compared with NHWs (Table 1 ; P Ͻ .04). Only 3 children had fasting glucose Ͼ100 mg/dL. Girls had significantly lower LBM than boys (55.0 Ϯ 6.7 vs 62.1 Ϯ 6.6 kg, P Ͻ .01, adjusted for race, puberty, age, and height). Girls had a nonsignificant trend toward lower REE than boys (1812.7 Ϯ 202.6 vs 1900.2 Ϯ 224.1, P Ͻ .08, after adjustment for race, puberty, age, height, percent body fat, and LBM). However, when REE (not adjusted for covariates) was divided by LBM, there was no difference (P ϭ .87) in girls and boys, whereas among NHWs, REE/LBM was significantly higher (P Ͻ .00) than among NHBs (Table 1). Percent body fat and fasting serum insulin were not significantly different by sex or race (Table 1) . NHB boys had higher fasting plasma FFAs compared with NHW boys, whereas NHB girls had lower fasting FFAs than NHW girls (P Ͻ .03 for interaction, Table 1 ). Fasting serum glucose was higher in NHW boys when compared with NHB boys, whereas NHW girls had lower fasting glucose than NHB girls (P Ͻ .04 for interaction, Table 1 ). Subjects generally had high mean fasting insulin and marked insulin resistance, as measured by S I ( By repeated-measures analysis, there was a significant interaction (P Ͻ .01) between sex and serum insulin over time ( Figure 1A) . The serum insulin during the first 10 minutes of the IM-FSIGT was lower for the girls than for the boys but did not result in greater plasma FFA suppression ( Figure 1B) . There was no significant difference in plasma FFA concentration in girls vs boys during IM-FSIGT (P ϭ .08, Figure 1B) . We did not estimate a time factor needed for achieving ED 50 , because the response to insulin was so rapid in most of the subjects that the ED 50 value of X was attained very quickly, before the bolus of insulin given at 20 minutes had mixed completely. The model tries to avoid mixing complications by starting the modeling at time ϭ 10 minutes. Thus, these data cannot address how much time is taken to reach ED 50 .
We found no independent statistically significant effects of race on insulin-suppressible lipolysis rate (l 2 ), maximum lipolysis rate (l 0 ϩ l 2 ), the concentration of insulin needed for 50% suppression of lipolysis (ED 50 ), or fatty acid clearance rate constant (c f ) in any of the models considered (Table 2) . Pubertal status and REE were significant predictors of l 2 and l 0 ϩ l 2 (P ϭ .02 and .01, respectively, Table 2 ), and pubertal status was a strong predictor of l 2 and l 0 ϩ l 2 independent of changes in body composition or REE (Table 2 ; models with FM, LBM, and REE; P values Ͻ .03). With race, height, age, FM, and REE as the (40) . Repeated-measures ANOVA was performed as described in Subjects and Methods, and unadjusted means are reported with SEM (for NEFA, n ϭ 28 for boys and 68 for girls; for insulin, n ϭ 28 for boys and 61 for girls). *P Ͻ .05 for boys vs girls from unpaired t test. doi: 10.1210/jc.2012-3817 jcem.endojournals.orgmodeled covariates, l 2 , l 0 ϩ l 2 , and ED 50 were significantly higher in girls than boys (P values Ͻ .05, Figure 2 , A-C). When considering baseline FFA concentration as a covariate instead of FM (other model covariates were sex, race, pubertal status, height, and age) to determine whether baseline FFA concentration might significantly contribute to l 2 , l 0 ϩ l 2 , and ED 50 , we found that baseline FFA concentration was not a significant predictor of l 2 (P ϭ .09), l 0 ϩ l 2 (P ϭ .12), and ED 50 (P ϭ .23). With height, age, FM, and VAT as the modeled covariates, c f in girls was significantly greater than boys ( Figure 2D ). When LBM was included in the model, c f was not different between girls and boys. In late puberty, l 2 and l 0 ϩ l 2 were increased when compared with early puberty (Figure 3 ). When we Abbreviations: ␤, parameter estimate; FFM, fat-free mass. a Positive ␤ indicates higher for girls and higher for NHW; bold text indicates significant effects (P Ͻ .05). For ANCOVA, pubertal status was divided into early (Tanner 1-3 breast development for girls; testis volume Ͻ12 mL for boys) and late (Tanner 4 -5 breast development for girls; testis volume Ն12 mL for boys) groups. b For ANCOVA, VAT was log transformed to meet the homogeneity of variance assumption.
c ϫ 10
modeled S I as a covariate instead of FM (covariates sex, race, pubertal status, height, and age) to test whether S I was a significant predictor of l 2 , l 0 ϩ l 2 , ED 50 , and c f , we found that S I was not a significant predictor of l 2 (P ϭ .11) and l 0 ϩ l 2 (P ϭ .07) but did predict ED 50 (P Ͻ .001) and c f (P ϭ .05). In addition, pubertal status was no longer significant for l 2 (P ϭ .054) or l 0 ϩ l 2 (P ϭ .061) when S I was accounted for. In summary, sex, REE, pubertal status, and age were independent predictors of l 2 , l 0 ϩ l 2 , and ED 50 . S I was an independent predictor of ED 50 . FM, LBM, VAT, and S I , but not REE, were independent predictors of c f .
Discussion
The aim of this study was to examine the associations of sex, REE, and body fat distribution with FFA flux among obese, insulin-resistant adolescents. Our approach was to model FFA data from the IM-FSIGT using the minimal FFA model (21) . We found that sex and REE were independent predictors of insulin-suppressed and maximum FFA appearance (l 2 and l 0 ϩ l 2 ) rates and the concentration of insulin needed to suppress lipolysis by 50% (ED 50 ). Each of these 3 measures was greater in girls than boys after adjusting for REE and FM, suggesting that, indepen- Figure 3 . Differences in insulin-suppressed (l 2 ) and maximum (l 0 ϩ l 2 ) lipolysis rates according to pubertal status in obese adolescents. A and B, Insulin-suppressed lipolysis rate (A) and maximum lipolysis rate (B) with SEM. Means are adjusted for the following covariates:
1 race, 2 sex, 3 height, 4 age, 5 FM, and 6 REE (n ϭ 30 for early; n ϭ 77 for late). *P Ͻ .05 for late vs early puberty. (11) , who reported that during IM-FSIGT, women had increased lipolysis rates compared with men even when expressed relative to REE. In insulin clamp studies in nondiabetic adult men and women, FFA flux was most strongly related to REE rather than body composition, and when flux was adjusted for REE, women had greater lipolysis rates than men (31). Nielsen et al (32) reported greater FFA release rates in adult women compared with men when adjusting for REE with no change in plasma FFA levels between women and men and proposed increased nonoxidative FFA clearance rate as an explanation for these findings. In this cohort, race did not influence lipolysis rates or FFA clearance rate constant (when adjusted for FM or other measures of body composition), which is consistent with previous reports comparing adult African-American women with white women (20) . We show that in adolescents, as in adult men and women, REE is an important predictor of lipolysis rates in girls and boys and that when accounting for REE, lipolysis rates are greater in girls compared with boys. Furthermore, we found that adolescents in late puberty had significantly higher insulin-suppressed and maximum FFA appearance (l 2 and l 0 ϩ l 2 ) rates than adolescents in early puberty. Although we were not able to study the transition phase from prepuberty to late-stage puberty in FFA appearance rates due to insufficient numbers of prepubertal subjects, these data suggest that adolescents in late puberty become less insulin sensitive with respect to fatty acid flux than those with less pubertal development. Indeed, when we accounted for differences in S I , pubertal status no longer significantly predicted lipolysis rates, suggesting that insulin sensitivity did partially explain the increased lipolysis rates we observed in late-stage puberty. These data are consistent with other reports of decreased insulin sensitivity toward glucose (S I ) (30, (33) (34) (35) and insulin-stimulated glucose metabolism (36) as adolescent boys and girls enter the later stages of puberty, which may be related to changes in the hormonal milieu associated with puberty such as changes in GH. Indeed, Arslanian et al (37) suggested that insulin-mediated glucose disposal rate in adolescent girls was lower than boys during a hyperinsulinemic-euglycemic clamp due to increased GH levels in girls. These data confirm and extend observations by others that there is greater total body lipolysis (measured by glycerol rate of appearance) in pubertal than prepubertal children (35, 38) . Although we show less insulin effectiveness in suppressing lipolysis measured by FFA appearance rates in later puberty compared with early puberty, Arslanian and Kalhan (38) found no differences in insulin-suppressed lipolysis rate when measuring glycerol appearance rates. Perhaps the difference in our findings can be explained by previous observations that adolescents entering puberty have increased FFA/glucose oxidation ratios requiring greater availability of FFA for fuel (38) . It will be important to examine differences in FFA appearance rates during the transition from early to late puberty in future studies.
FFA clearance rate constant (c f ) was increased in girls compared with boys when adjusting for either total body fat or VAT area. Our data are consistent with previously reported findings of adult women who had increased nonoxidative FFA disposal when compared with adult men (11) . Furthermore, FFA storage in adult women when compared with men was increased and associated with increased acyl coenzyme A synthase activity, suggesting greater FFA recycling in women than men (10) . We found that when c f was adjusted for percent body fat and LBM, c f was the same in girls and boys. Because boys had significantly greater LBM than girls and similar fasting FFA, we hypothesize that c f may be similar in boys and girls due to FFA being more rapidly taken up into boys' lean tissues including muscle. We would further hypothesize that both greater FFA appearance rates (l 2 and l 0 ϩ l 2 ) and disposal (c f ) in girls than boys (when adjusted for FM) suggest that, as in adults, girls are more efficient in recycling FFA than boys.
There are several limitations of this study. We were not able to compare lipolysis and clearance rates between lean children and obese children to determine whether the sexdependent differences we observed are independent of adiposity and total body mass. Very few children who were prepubertal were included in this cohort, and a study of differences in FFA flux in prepubertal children would be of interest. We were not able to include adolescents other than NHBs to compare with NHWs; studying subjects with more diverse race and ethnicity would be of interest in the future. Furthermore, without the use of tracers, we were unable to examine region-specific FFA flux or distinguish between changes in plasma FFA due to lipolysis, recycling, or oxidation. Rather, we have reported the net result of all 3 processes. Lastly, this mathematical model of FFA flux has not been validated against a gold standard such as tracer studies as of yet. However, our model has been compared with 23 different physiologically based mathematical models of FFA kinetics in response to changing glucose and insulin levels of which 3 have been published (21, 38, 39) . The strength of our study is the use, in a relatively large and well characterized cohort, of a noninvasive method to assess sex-related changes in FFA flux in adolescents, resulting in findings that agree quite well with previously reported changes in adults.
In conclusion, our data suggest that obese girls have higher maximum and insulin-suppressible lipolysis rates, require a greater concentration of insulin to suppress lipolysis and have higher FFA clearance rates, than obese boys. In these obese and insulin-resistant adolescents, sexassociated differences in lipolysis rates were observed after adjusting for the significant contribution of resting energy expenditure, suggesting energy balance modulates lipolysis rates. Comparison of lipolysis rates in prepubertal and pubertal children may provide insight into the mechanisms involved. Furthermore, differences in the clearance rate constant were predicted by FM and LBM, consistent with an important role for body composition in modulating FFA clearance rate.
